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Objective: To investigate the association between muscle perfusion in the peri-articular knee muscles
assessed by dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) and symptoms in pa-
tients with knee osteoarthritis (KOA).
Design: In a cross-sectional setting, muscle perfusion was quantiﬁed by DCE-MRI in KOA. Regions of
interest (ROI) were drawn around the peri-articular muscles, summed and averaged into one single
“Total Muscle Volume” volume of interest (VOI). Symptoms were assessed via the Knee injury and
Osteoarthritis Outcome Score (KOOS) (0: worst; 100: best).
Results: DCE-MRI and clinical data were analyzed in 94 patients. The typical participant was a woman
with a mean age of 65 years, and a body mass index (BMI) of 32 kg/m2. Reduced multiple regression
models analyzing the association between KOOS and DCE-MRI perfusion variables of Total Muscle Vol-
ume showed a statistically signiﬁcant association between Nvoxel% and KOOS pain (0.41 (SE 0.14);
P ¼ 0.0048). Nvoxel% was deﬁned as the proportion of highly perfused voxels; i.e., the voxels that show an
early and rapid increase on the signal intensity vs time curves, reach a plateau state (plateau pattern) and
then showing a relatively rapid decline (washout pattern) relative to the total number of voxels within
the muscle VOI.
Conclusions: More widespread perfusion in the peri-articular knee muscles was associated with less pain
in patients with KOA. These results give rise to investigations of the effects of exercise on muscle
perfusion and its possible mediating role in the causal pathway between exercise and pain improve-
ments in the conservative management of KOA.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Knee osteoarthritis (KOA) is considered a whole-joint disease,
including affection of peri-articular structures such as muscles and
bursa1. Pain is the cardinal symptom in KOA2e4. The pathology of
pain has been amain target in understanding the diseasewith bone
marrow lesions (BMLs), synovitis4e6, and the infrapatellar fat pad
(IPFP) suggested to play important roles in the generation of pain in
KOA7,8. KOA pain is predominantly localized to the joint lines, butE. Bandak, The Parker Insti-
anvej 57, 2000 Frederiksberg,
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ternational. Published by Elsevier Lpatients may also experience a more generalized and unspeciﬁc
pattern of knee pain involving the whole knee region including
peri-articular structures such as muscles9e12.
It has become evident that inﬂammation plays an important role
in the pathogenesis of osteoarthritis4,13,14, and both synovitis and
BMLs have shown to be associated with pain and structural pro-
gression in KOA15,16. The role of muscle tissue in the symptom-
atology of KOA is not clear, but ﬁndings of inﬂammatory markers in
peri-articular knee muscles in patients with KOA suggest that in-
ﬂammatory processes are not only conﬁned to articular structures,
and that inﬂammatory processes in peri-articular muscles may
contribute to the development of pain17,18.
In current practice, conventional radiographs (CR) remain the
central component in diagnosing KOA and assess structural pro-
gression19 although there is a poor association between radio-
graphic ﬁndings and clinical features19,20. This may be due to the
fact that CR cannot capture key elements of KOA pathologytd. All rights reserved.
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to CRs, MRI provides a unique visualization of all the anatomical
structures involved in KOA including bone marrow and muscula-
ture21,22. The use of dynamic MRI sequences recorded prior to and
during intravenous (IV) bolus infusion of a Gadolinium (Gd)
contrast medium (Dynamic Contrast Enhanced Magnetic Reso-
nance Imaging (DCE-MRI)23 can be used to extract perfusion pa-
rameters in both hand and knee joints where the speed, degree,
and distribution of the contrast uptake using timeeintensity curves
reﬂects the histological degree of inﬂammation in the tissue24 and
the change in enhancement over time can be used to assess
treatment response in RA25,26. DCE-MRI is a valid method to
describemusculoskeletal tumors, where high perfusion parameters
correlate to higher degree of histologically proven high-grade
malignant tumor tissue27. In KOA, DCE-MRI has only been used in
a few studies8,28, but associations between synovial perfusion and
synovitis grading assessed both macro- and microscopically have
been described28, and recently higher perfusion of the IPFP was
associated with pain severity and function8.
When analyzing DCE-MRI images in KOA patients, we have
observed that tissue enhancement (i.e., tissues with contrast agent
uptake) is not conﬁned to intra-articular structures but also in-
cludes different patterns of contrast enhancement in the peri-
articular knee muscle tissue as well. It is unknown if the degree
of enhancement in these muscles is pathological and contributes to
the symptoms in KOA or if the contrast uptake seen is due to the
basis perfusion of skeletal muscle tissue29e31.
The purpose of this study was to investigate the association
between muscle perfusion in the peri-articular knee muscles
assessed by DCE-MRI and symptoms in patients with KOA. We
hypothesized that higher contrast enhancement, and thus perfu-
sion in the peri-articular muscles, would be associated with worse
symptoms in patients with KOA. Understanding the role of perfu-
sion in the peri-articular knee muscles in KOA symptomatology
may contribute to our understanding of how exercise exerts its
impact on symptomatic relief in KOA, which can be used to opti-
mize recommended exercise therapies.
Method
Study population
Cross sectional data from a weight-loss maintenance study in
obese patients with radiographically veriﬁed tibiofemoral KOA
were included in this study (the LIGHT study; ClinicalTrials.gov:
NCT00938808). Data used in the present study were gathered at
the 1 year follow-up. The LIGHT study was approved by the local
health research ethical committee and conducted in accordance
with the Helsinki Declaration, as revised in 2000. Written and oral
informed consent was obtained from each patient. All participants
had previously participated in a 68 week weight-loss study; the
CAROT study (ClinicalTrials.gov identiﬁer: NCT00655941). The
main inclusion criteria were age >50 years, a body mass index
(BMI)  30 kg/m2, and clinical KOA diagnosis veriﬁed by radio-
graphs obtained at baseline of the LIGHT study32. At inclusion, the
participants chose a target knee, deﬁned as the most symptomatic
knee, for all subsequent assessments.
DCE-MRI
MRI of the target knee, i.e., the most symptomatic knee, was
performed on a 3T Siemens Verio® system. The patients were
scanned in supine position using a dedicated 16-channel send/
receive knee coil. The MRI protocol used has been described in
detail earlier8. As recommended by the Danish Health andMedicines Authority, decreased renal function with an estimated
glomerular ﬁltration rate (eGFR <60 ml/min/1.73 m2) contra-
indicated administration of IV contrast medium, and thereby DCE-
MRI. The DCE-MRI sequence was always performed a minimum of
25 min into the scan assuming a relaxed state of the patient with
normalization of potential perfusion changes induced by
movement.
Image analysis
The DCE-MRI sequence was performed in the axial plane in all
patients, covering the suprapatellar recess to the insertion of the
patellar ligament on the tibia. All DCE-MRI analyses were per-
formed by an investigator blinded to the clinical data (EB) super-
vised by MB and RR. DCE-MRI slices were analyzed using the
computer software Dynamika® version 2.4.4.1 (Image Analysis LTD,
London, http://www.imageanalysis.org.uk)33,34. Motion correction
between temporal slices was applied on all the available axial DCE-
MRI slices35 before regions of interest (ROIs) were drawn around
each of the following muscles: vastus lateralis, vastus medialis,
biceps femoris, sartorius, gracilis, triceps surae, popliteus, semite-
ndinosus and semimembranosus. Major vascular branches were
avoided when drawing the ROIs [Fig. 1(A)]. All the drawn ROIs were
summed and averaged into one single “Total Muscle Volume” VOI.
Osirix® v. 5.7.1 was used to conﬁrm the anatomical boundaries of
the muscles.
As previously described in detail34; signal intensity vs time
curves can be generated for each voxel within a ROI by using
appropriate software. Dynamika® uses a robust classiﬁcation
scheme34 where each signal intensity vs time curves automatically
are assigned to one of the following enhancement patterns: Tissues
with high perfusion are likely to show an early and rapid increase
on the signal intensity vs time curves, reach a plateau state (plateau
pattern) and then potentially show a relatively rapid decline
(washout pattern), whereas tissues with lower perfusion showing a
slower increase and potentially do not reach a plateau state
(persistent pattern), and tissue with no contrast uptake (no
enhancement pattern)25,34. The voxels are automatically assigned
and color coded in a Gadolinium (Gd)-enhancement map to one of
the four enhancement patterns: washout (red), persistent (blue),
plateau (green), or no enhancement (no color)26,34[Fig. 1(B)].
Various DCE-MRI perfusion variables can be extracted from the
signal intensity vs time curves, the most relevant in the setting of
musculoskeletal imaging being: i) maximal enhancement (ME),
calculated as the maximum signal intensity relative to the baseline
signal intensity; ii) the Initial Rate of Enhancement (IRE) i.e., the
speed of enhancement or upslope on the signal intensity vs time
curve calculated as the relative increase in signal intensity per
second (%/s) from time of enhancement onset (in seconds after the
contrast injection) until ME is reached, and iii) Nvoxel, the sum of
voxels with plateau or washout enhancement patterns, i.e., the
highest perfused voxels24,34,36.
Values and maps of IRE and ME were generated, color-coded
and superimposed on the grey scale dynamic images. The highest
values for IRE and ME were shown in bright yellow and lower
values in a spectrum of red colors [Fig. 1(C)e(D)]. Intra- and inter-
observer reliability analysis for the Total Muscle Volume (cm3) was
performed on a random, repeated subsample (n ¼ 10) with a
minimum of 4 weeks between drawings using single measures
intraclass correlation coefﬁcients (ICC) as a measure of relative
reliability and measurement errors (MErr) calculated as the square
root of the residual mean square values obtained from analyses of
variance, as a measure of absolute reliability. The intra-observer
reliability of the total muscle volume (cm3) was ICC ¼ 0.99 and
MErr ¼ 6.5 cm3; inter-observer reliability: ICC ¼ 0.96 and
Fig. 1. Maps of DCE-MRI perfusion variables in a representative patient with KOA. Axial DCE-MRI gradient echo (GRE) T1 w VIBE sequence approximately at the level of basis
patella in a representative patient with KOA (AeD). A, The drawing of region of interests (ROIs) around of all the peri-articular knee muscles avoiding major vascular branches. B,
Contrast Uptake Pattern: The voxels are automatically assigned and color coded in a Gadolinium (Gd)-enhancement map to one of the four enhancement patterns: washout (red),
persistent (blue), plateau (green), or no enhancement (no color). C, maps of IRE, and D, maps of Maximum Enhancement (ME). Values of IRE and ME are color-coded and
superimposed on the grey scale dynamic images. The highest values are shown in bright yellow to white and lower values in a spectrum of red colors. White arrows: The popliteal
artery. Blue arrows: Enhancement in the synovium in the retro-patellar space.
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ICC ¼ 0.97 and MErr ¼ 23.3; inter-observer reliability: ICC ¼ 0.71
andMErr¼ 65.0. The intra-observer reliability of theMExNvoxel was
ICC ¼ 0.99 and MErr ¼ 2613.6; inter-observer reliability: ICC ¼ 0.91
and MErr ¼ 7312.1. The intra-observer reliability of the Nvoxel% was
ICC ¼ 0.99 and MErr ¼ 1.0%; inter-observer reliability: ICC ¼ 0.94
and MErr ¼ 5.6%.
Outcome measures
The radiographs were scored by a trained radiologist (MB) ac-
cording to the KellgreneLawrence (KL) grading of radiographic
disease severity37.
To assess the patients' symptoms we applied the Knee injury
and Osteoarthritis Outcome Score (KOOS)38 questionnaire. KOOS is
a self-administered patient-reported outcome measure, assessing
ﬁve domains of importance to patients with KOA (Pain, Symptoms,
Function in daily living, Function in sport and recreation, and Knee
related quality of life). Each domain includes individual items
answered on 0e4 Likert scale. A normalized 0e100 score (0 indi-
cating the worst, 100 indicating the best) is calculated for all do-
mains38. The items in the KOOS questionnaire relate to target knee
symptoms during the previous week. In this study we used a
Danish touch screen version of KOOS39.
The DCE-MRI perfusion variables of the Total Muscle Volume
VOI were as follows: IRExNvoxel, MExNvoxel, and Nvoxel%, where IRE
and ME were quantiﬁed as average measures of the wholesegmented region. By multiplying Nvoxel (the sum of voxels with
plateau or washout enhancement patterns, i.e., the highest
perfused voxels) with the means of the IRE and ME the variables
become composite parameters reﬂecting both the volume and the
degree of higher perfused voxels (IRExNvoxel, MExNvoxel)24. Nvoxel% is
the proportion of highly perfused voxels reaching either a plateau
or washout enhancement patterns relative to the total number of
voxels within the muscle VOI. Nvoxel, IRExNvoxel, and MExNvoxel are
all variables obtained from DCE-MRI that have been used in pre-
vious studies8,24,26,36.
Statistical methods
The analyses were pre-speciﬁed and conducted on all partici-
pants with valid DCE-MRI data, i.e., no imputation for missing data
(Fig. 2, Flowchart). Five multiple regression models were built to
determine the association between the ﬁve dependent variables
(the 5 KOOS subscales and KL score), each with the three DCE-MRI
perfusion variables of the Total Muscle Volume: IRExNvoxel,
MExNvoxel, and Nvoxel% as independent variables. Reductions of the
models were done manually eliminating statistically non-
signiﬁcant (P > 0.05) variables (i.e., non-signiﬁcant beta-co-
efﬁcients/slopes) one at a time based on P-values (highest elimi-
nated ﬁrst). Reductions were only done in regression models that
were overall statistically signiﬁcant (P < 0.05). The reduced models
were repeated adjusting for possible confounders pre-deﬁned as
sex, age, and BMI. To assess the adequacy of the regressionmodel(s)
DCE-MRIs analysed (n=94, 70%) 
PaƟents recruited from the LIGHT study                
at the 1-year follow up (n=134,100%) 
Technical diﬃculƟes with the DCE-MRI prevenƟng 
image analysis (n=3, 2%) 
PaƟents who failed to complete the DCE-MRI    
(n=37, 28%) 
DCE-MRIs obtained (n=97, 72%) 
Fig. 2. Flowchart.
Table I
Demographics, self-reported symptoms, and imaging variables from the 94 patients
with KOA included in this study
Mean ± SD (minemax)
Demographics and clinical characteristics
Female, no (%) 77 (82%)
Age (years) 65.3 ± 6.5 (52.4e77.4)
Height (cm) 165.9 ± 8.1 (148.0e189.0)
Weight (kg) 88.9 ± 12.6 (68.3e130.2)
BMI (kg/m2) 32.3 ± 3.7 (25.2e44.2)
KOOS scores
Pain 62.9 ± 17.4 (22.2e100.0)
Symptoms 64.3 ± 19.0 (10.7e100.0)
ADL 67.6 ± 17.2 (17.6e98.5)
QOL 45.0 ± 18.9 (6.3e93.8)
Sport/Rec 30.7 ± 23.1 (0.0e95.0)
X-ray
KL score* 2.5 ± 0.8 (1e4)
KL score, no. (0e4)
0, no. (%) 0 (0 %)
1, no. (%) 10 (10.75 %)
2, no. (%) 36 (38.7 %)
3, no. (%) 38 (40.86 %)
4, no. (%) 9 (9.67 %)
DCE-MRI perfusion variables
Total Muscle Volume
Mean IRExNvoxel 218.8 ± 119.7 (50.3e663.1)
Mean MExNvoxel 74,172.3 ± 21,061.4 (23,233.7e12,8382.4)
Nvoxel% 74.9 ± 12.2 (17.6e95.3)
Abbreviations: BMI, Body mass index; ADL, Function in daily living; QOL, Knee
related quality of life; Sport/Rec, Function in sport and recreation; KL, Kell-
greneLawrence, Total Muscle Volume, a volume of interest (VOI) consisting of the
summed and averaged ROIs of the vastus lateralis, vastus medialis, biceps femoris,
sartorius, gracilis, triceps surae, popliteus, and semimembranosus muscles; Nvoxel,
the sum of voxels with a plateau or washout enhancement pattern. Nvoxel%, the
proportion of voxels reaching either a plateau or washout enhancement pattern
relative to the total number of voxels within the muscle VOI.
* Data from 93 patients.
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via the predicted values and the studentized residuals; i.e., the
residuals had to be normally distributed (around zero), and be in-
dependent of the predicted values. The analyses were done using
SAS software, version 9.3 (SAS Inc., Cary, NC, USA). Statistical sig-
niﬁcance was accepted at P < 0.05.
Results
Patient characteristics
In this cross-sectional study, all 134 patients completed the 1-
year visit in the LIGHT study. Of these, MRI was performed with 97
patients. Reasons for missing MRI assessment were due to either:
(1) the target knee was above 53 cm in circumference and could
therefore not ﬁt into the send/receive knee coil (2) decreased renal
function with an eGFR < 60 ml/min/1.73 m2. Technical difﬁculties
with the DCE-MRI analysis occurred in three participants. Thereby
the number of analyzed DCE-MRI data sets was 94 (70% of the study
population) (Fig. 2). Patient characteristics are available in Table I.
The typical patient participating in this study was awoman aged 65
years with a BMI of 32 kg/m2. The 94 patients whowere analyzed in
this study had a lower weight and BMI compared with the 40 pa-
tients without completed or legible MRIs (Supplementary ﬁle).
Outcomes
Summaries of the regression analyses are provided in Table II.
The reduced multiple regression models analyzing the association
between KOOS pain and the DCE-MRI perfusion variables of the
Total Muscle Volume showed a statistically signiﬁcant association
between Nvoxel% and KOOS pain (Table II). Adjustment for sex, age,
and BMI did not change the results signiﬁcantly. There were no
statistically signiﬁcant associations between the other KOOS sub-
domains (Symptoms, Function in daily living, Function in sport and
recreation, and Knee related quality of life), the KL score and the
DCE-MRI muscle perfusion variables.
Discussion
In this cross sectional study we found a signiﬁcant association
between pain and the proportion of the peri-articular knee muscletissue with a distinct perfusion pattern among patients with KOA
assessed by DCE-MRI. The association suggests that for each per-
centage point increment in Nvoxel%, the KOOS pain score is 0.41
higher (less pain) in patients with KOA. Thus, individuals with a
larger proportion of the peri-articular muscles showing a plateau or
washout contrast uptake pattern seemed to have less pain. By
consequence, individuals with larger areas with no enhancement
or persistent contrast uptake patterns had more pain. IRExNvoxel
Table II




Model Reduced model 1 Reduced model 2 Adjusted for BMI, age, sex
KOOS pain IRExNvoxel 0.016 (0.019); P ¼ 0.4081 0.011 (0.016);
P ¼ 0.4691
e e
MExNvoxel 0.000052 (0.00013); P ¼ 0.6805 e e e




0.39 (0.15); P ¼ 0.0119
KOOS Symptoms IRExNvoxel 0.016 (0.021); P ¼ 0.4380 e e 0.010 (0.022); P ¼ 0.6510
MExNvoxel 0.00016 (0.00014); P ¼ 0.2584 e e 0.00015 (0.00016); P ¼ 0.3496
Nvoxel% 0.22 (0.20); P ¼ 0.2766 e e 0.22 (0.24); P ¼ 0.3568
KOOS ADL IRExNvoxel 0.020 (0.019); P ¼ 0.2908 e e 0.015 (0.02); P ¼ 0.4491
MExNvoxel 0.00010 (0.00013); P ¼ 0.4172 e e 0.00015 (0.00014); P ¼ 0.2905
Nvoxel% 0.26 (0.18); P ¼ 0.1505 e e 0.15 (0.21); P ¼ 0.4851
KOOS QOL IRExNvoxel 0.014 (0.021); P ¼ 0.4997 e e 0.008 (0.022); P ¼ 0.7168
MExNvoxel 0.00013 (0.00014); P ¼ 0.3443 e e 0.00016 (0.00016); P ¼ 0.3170
Nvoxel% 0.11 (0.20); P ¼ 0.5826 e e 0.03 (0.24) P ¼ 0.8884
KOOS Sport/Rec IRExNvoxel 0.008 (0.026); P ¼ 0.7560 e e 0.004 (0.027); P ¼ 0.8918
MExNvoxel 0.00018 (0.00017); P ¼ 0.2960 e e 0.00021 (0.00019); P ¼ 0.2756
Nvoxel% 0.09 (0.25); P ¼ 0.7132 e e 0.20 (0.29): P ¼ 0.4870
KL score* IRExNvoxel 0.000 (0.001); P ¼ 0.5032 e e 0.000 (0.001); P ¼ 0.773
MExNvoxel 0.00000 (0.00001); P ¼ 0.6399 e e 0.00000 (0.00001); P ¼ 0.9082
Nvoxel% 0.00 (0.01); P ¼ 0.7829 e e 0.00 (0.01); P ¼ 0.6998
Estimate: slope (SE); P-value.
Abbreviations: Total Muscle Volume, a VOI consisting of the summed and averaged ROIs of the vastus lateralis, vastus medialis, biceps femoris, sartorius, gracilis, triceps surae,
popliteus, and semimembranosus muscles.
Nvoxel, the sum of voxels with a plateau or washout enhancement pattern; Nvoxel%, the proportion of voxels reaching either a plateau or washout enhancement pattern relative
to the total number of voxels within the muscle VOI; ADL, Function in daily living; QOL, Knee related quality of life; Sport/Rec, Function in sport and recreation, KL,
KellgreneLawrence.
* Data from 93 patients.
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ciations between the other KOOS subdomains (Symptoms, Function
in daily living, Function in sport and recreation, and Knee related
quality of life), the KL score, and the DCE-MRI muscle perfusion
variables in the peri-articular knee muscles.
These results are in contrast to our hypothesis and are surpris-
ing. To the best of our knowledge this is the ﬁrst study to assess
muscle perfusion in patients with KOA, so direct comparisons with
other studies are not possible. However, our results are indirectly
supported by the fact that muscle weakness is a typical feature of
KOA40, and that exercise has beneﬁcial effects on pain in KOA41.
Further, exercise has been shown to increase muscle perfusion in
both young and elderly healthy subjects42,43, and it is therefore
possible that the variation in muscle perfusion in our study reﬂects
variations in the physical ﬁtness status of the cohort. In further
(indirect) support of this notion, previous results of the effects of
weight loss in this cohort showed that increased muscle strength
was associated with decreased pain44.
Our ﬁndings are of potential importance in explaining the un-
derlying analgesic mechanisms of exercise interventions in KOA.
Several studies have assessed possible theories, including neural
pain processing45, biomechanical40,46 and anti-inﬂammatory
mechanisms8,47,48. As the muscles are the tissue primarily
affected by exercise, it is relevant to investigate if muscle perfusion
is associated with pain in KOA. Future longitudinal studies are
wanted, and should investigate if changes in muscle perfusion are a
contributing factor explaining the beneﬁcial outcomes of exercise,
and if speciﬁc types of exercise have speciﬁc effects on the muscle
perfusion.
Our results indicate that previous ﬁndings of a relationship
between high pain and high perfusion of the synovium and the IPFP
in KOA patients may not be accompanied by similar changes in
peri-articular structures8,28. Inﬂammatory substances have been
detected in the quadriceps muscles of individuals with KOA17,28,49.
However, these were not associated with pain. Hyperperfusion in
articular structures is generally recognized as a sign ofinﬂammation24e26, and as such undesirable and a potential treat-
ment target in KOA. In contrast, the present results indicate that
higher muscle perfusion may be beneﬁcial in KOA and could
possibly be a parallel to the changes in muscle capillarization
following exercise as observed in other studies43,50.
This study has some limitations associated with our cross-
sectional design, which precludes an evaluation of a possible rela-
tionship between changes in symptoms and DCE-MRI perfusion
variables. Also, as the underlying MRI protocol focused on the knee
joint, the images were limited to the area of the send/receive knee
coil, therefore we were only able to analyze certain parts of the
muscles. Further, the likelihood of a false positive ﬁnding is not
negligible due to the multiple statistical tests. However, the results
seem robust even after adjustment for covariates. With a Bonfer-
roni adjustment for multiple tests (6 regressions) the threshold of
statistical signiﬁcance is 0.0083. The statistically signiﬁcant
regression results (KOOS pain; Table II) respect this threshold for
signiﬁcance, except the covariate adjusted model. Important
strengths to our study include the relative large study sample, the
use of a 3T MRI system, and the pre-speciﬁed analysis plan.
Conclusion
In conclusion, this study showed, in a cross-sectional setting,
that more widespread perfused voxels in the peri-articular knee
muscles was associated with less pain in patients with KOA. These
results give rise to investigations of the effects of exercise onmuscle
perfusion and its possible mediating role in the causal pathway
between exercise and pain improvements in the conservative
management of KOA.
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